Abstract UV photolysis was used to relieve inhibition of biomass growth by sulfadiazine (SD), a broad-spectrum anti-microbial. To investigate the effects of SD on biomass growth, three substrates-glucose alone (G), glucose plus sulfadiazine (G?SD), and glucose plus photolyzed SD (G?PSD)-were used to culture the bacteria acclimated to glucose. The biomass was strongly inhibited when SD was added into the glucose solution, but inhibition was relieved to a significant degree when the SD was treated with UV irradiation as a pretreatment. The biomass growth kinetics were described well by the Monod model when glucose was used as a substrate alone, but the kinetics followed a hybrid Aiba model for non-competitive inhibition when SD was added to the solution. When photolyzed SD was added to glucose solution to replace original SD, the growth still followed Aiba inhibition, but inhibition was significantly relieved: the maximum specific growth rate (l max ) increased by 17 %, and the Aiba inhibition concentration increased by 60 %. Aniline, a major product of UV photolysis, supported the growth of the glucose-biodegrading bacteria. Thus, UV photolysis of SD significantly relieved inhibition by lowering the SD concentration and by generating a biodegradable product.
Introduction
With the development of the modern pharmaceutical industry, many pharmaceutically active components are detected in surface water and groundwater [1] . The components may alter ecosystems in the natural environment, and they pose a risk to human health when they bioaccumulate in the food chain [2] , particularly since many pharmaceuticals are recalcitrant to biodegradation by microorganisms [3] . Sulfa drugs are important pharmaceuticals due to their broad-spectrum bactericidal effects, and their annual production was over 20,000 tons for mainland China alone in 2011 [4] .
One route by which pharmaceuticals reach surface waters is in the effluent from sewage treatment plants [5, 6] . Currently, most activated sludge systems treating municipal wastewater are mainly designed for BOD, COD, nitrogen, and phosphorus removal, and many pharmaceuticals pass through to the effluent or accumulate in the excess biomass [7, 8] . Among those that appear in wastewater effluents is sulfadiazine (SD) [9] , a six-membered Nand S-containing heterocycle (formula C 10 H 10 N 4 O 2 S and molecular weight 250.28 g/mol), in which a pyrimidine ring is connected with a benzene ring via a sulfonylamino group. Like most sulfa drugs, SD has potent, broad-spectrum antibacterial activity.
One important problem encountered with activated sludge treatment of wastewater containing SD and other pyrimidines is that they can cause serious upset of the biological process [10] . The upset, sometimes including total failure, is attributable to strong inhibition of the bacteria normally active in the process due to the antibacterial properties of the pyrimidines [11] . One strategy to mitigate inhibition to activated sludge by compounds such as SD is by using physical or chemical pretreatment. Among the pretreatment options, UV irradiation is a simple and effective means for compounds, such as SD, that absorb UV light and are chemically transformed [12] . Recent work has shown that the dominant SD photolysis products are 2-aminopyrimidine (2-AP), p-aminobenzenesulfonic acid (ABS), aniline (An), SO 4 2-, and NH 4
? [13] . In this work, we use glucose to represent a ''normal'' organic substrate for activated sludge treatment. We add SD to a glucose medium to investigate SD inhibition and if UV photolysis of SD is able to relieve SD inhibition to glucose-degrading bacteria. We detect the major organic products of UV photolysis, and we investigate the role that these products play in helping to relieve SD's inhibition. This work provides a mechanistic basis for optimizing the effects of UV photolysis in biological wastewater treatment. Synthetic SD solution: 1 g SD was dissolved in 800 mL deionized water, with 20 % NaOH added to maintain pH 10 to fully dissolve SD. Then, 200 mL deionized water was added to the solution to get 1,000 mL synthetic SD solution.
Materials and methods

Chemicals
All solutions were stored at 4°C before use.
Photolysis of SD
The stock SD solution (1,000 mg/L) was diluted to different initial SD concentrations in the range of 10-100 mg/ L, which were illuminated by a UV light (24 W, 254 nm wavelength, and 0.8 mW/cm 2 light intensity) for 3 h. Photolysis was carried out in a 115-mL quartz glass tube. During photolysis, the solution was mixed by air sparging through a pipet tip, and the samples were taken at the time intervals to measure residue SD concentration and products.
SD photolysis products
To measure SD products formed during UV photolysis, a special experiment utilized 20 mg/L SD dissolved in ultrapure water (18 MX) . The solution containing SD was illuminated with UV light for 8 h, and the samples were taken at intervals to measure SD and its photolysis products.
Acclimation of activated sludge
We obtained activated sludge from the underflow of a secondary clarifier at the Longhua municipal wastewater treatment plant in Shanghai. We acclimated the activated sludge to glucose by first diluting 200 mL of activated sludge into 800 mL tap water, adding 300 mg glucose (final glucose concentration of 300 mg/L), and mixing well to provide aeration at 25 * 30°C. Each day for 10 days, 800 mL of supernatant was withdrawn after 30 min of settling, and 800 mL of fresh solution (containing 300 mg glucose) was supplemented. The supernatant was filtered through coarse filter paper (pore size 80 * 120 lm) to remove suspended solids and to harvest acclimated biomass. The filtered solution (50 mL), glucose solution (15 mL), and nutrient solution (20 mL) were mixed together in a 500 mL-Erlenmeyer flask to culture glucosedegrading bacteria for another 2 days. Finally, the glucosedegrading bacteria, together with the medium, were stored in a refrigerator at 4°C until used as the inoculum.
Biomass growth experiments
Experiments for biomass growth were carried out with 100-mL suspensions (in 250-mL flasks) in which the organic substrates were either glucose alone (G), glucose plus SD (G?SD), or glucose plus photolyzed SD (G?PSD). For all tests, the initial glucose concentrations were in the range of 10-00 mg/L. For the G?SD tests, the initial SD mass concentration (mg/L) was the same as the glucose mg/L concentration (1 mg SD: 1 mg glucose). For the G?PSD tests, the glucose mg/L concentration was the same as the photolyzed SD mg/L concentration, or the SD concentration after photolysis. Photolyzed SD was obtained after UV illumination of SD for 3 h.
All solutions were first adjusted to pH 7 with the buffer solution and then inoculated with 5 mL of suspension containing glucose-acclimated bacteria at a density of approximately 10 8 cells/mL after mixing. In addition, 1 mL (for G) or 2 mL (for G?SD and G?PSD) of each of the inorganic nutrient solutions and trace element solutions were added; the different volumes take into account that the initial COD concentrations for G?SD and G?PSD were two times the concentrations for G.
All tests for biomass growth were carried out in a shaker at 35°C and 160 rpm. Samples were taken at time intervals to measure the optical density (OD), and the biomass dry weight was calculated based on a calibration curve between OD versus dry weight [14, 15] . For the G?SD and G?PSD tests, SD and its product concentrations were simultaneously detected by HPLC.
The kinetics of biomass growth were represented by the measured specific growth rate (l in h -1 ) during the exponential growth phase. The kinetics was quantified using the Monod model to describe no-inhibition (G) and the hybrid Aiba model to describe non-competitive inhibition (G?SD and G?PSD) [16] .
Effect of SD photolysis products on biomass growth
To investigate the effect of SD photolysis intermediates on biomass growth, the main products of UV photolysis (2-AP and An) were individually or simultaneously added during a biomass growth experiment. The 2-AP and An concentrations were 60 mg/L when they were used as substrate individually, and the concentration of each was 30 mg/L when they were added together. For direct comparisons, glucose alone and SD alone also were used for biomass growth experiments. Samples were taken at time intervals to measure their OD values and evaluate biomass growth kinetics.
Effect of SD on mineralization COD removal (or mineralization) was investigated for the experiments with glucose alone (G), glucose plus SD (G?SD), and glucose plus 8-h photolyzed SD (G?PSD). Solutions of 100 mL were added into 250-mL flasks, and then 5 mL of glucose-acclimated bacteria were inoculated to let biomass grow at 35°C and 160 rpm. Samples before and after the exponential growth were taken to measure their COD.
Analytical methods SD and its organic photolysis intermediates were measured with a high-performance liquid chromatograph (HPLC, model: Agilent 1100, USA) equipped with a diode array detector (DAD) with wavelength of 250 nm and a ZOR-BAX SB-C18 column (5 lm, 4.6 9 150 mm). The mobile phase was a mixture of acetonitrile water solution (30:70, v/v), and the flow rate was 1 mL/min.
The soluble COD concentration after filtration through a 0.45-lm cellulose acetate membrane was determined using potassium dichromate oxidation according to standard procedures [17] .
The UV light intensity was measured by an illuminometer (model: BG-2254, China). Optical density (OD) was measured by spectrophotometer (Model: UV-2550, SHIMADZU, Japan) with a wavelength of 600 nm.
Results and discussion
Effect of SD on biomass growth Figure 1 shows biomass growth for the different initial glucose and SD concentrations. The top panel shows that, with glucose alone (G), the biomass entered the exponential phase after about 2 h, and the growth rate increased with initial glucose concentration.
The middle panel demonstrates clearly that addition of SD at a 1:1 mass ratio with glucose (G?SD) inhibited biomass growth. The exponential phase did not begin until 10 h, and the growth rates were obviously slower than for glucose alone (top panel). HPLC measurements showed no loss of SD during the G?SD experiments (not shown in the figure) .
The bottom panel of Fig. 1 shows that adding photolyzed SD (G?PSD) into the glucose solution shortened the lag period to about 6 h and gave faster growth than G?SD, once the lag period was past. Thus, SD's inhibition was relieved to a significant degree when SD was treated with UV photolysis. However, concentrations of photolyzed SD C60 mg/L exhibited less biomass growth than for higher concentrations, despite the correspondingly larger concentration of glucose. Thus, some SD inhibition remained after UV photolysis.
Kinetics verify that SD photolysis relieved inhibition of biomass growth Figure 2 presents the specific growth rates (l, h -1 ) for the exponential phases of the G, G?SD, and G?PSD experiments of Fig. 1 . For the G tests, the l values were represented well by the Monod model, l ¼
, in which C G is the average glucose concentration during the exponential phase; l and l max are the measured specific growth rate and maximum specific growth rate, respectively; and K S is Monod half-maximum-rate concentration. Estimates for l max and K S were obtained by fitting the experimental data using the double-reciprocal method [16] .
When SD or PSD was added into the glucose solution, the l values increased with initial glucose concentration (and SD, as both of them had the same concentration as glucose), but then decreased with higher SD concentrations, a sign of non-competitive inhibition. A hybrid, non-competitive form of the Aiba model [18] ,
, represented well the relationship among l, C G , and C SD . Here, new parameter C SD is the original SD concentration, and K SI is Aiba inhibition concentration. Because the SD concentration did not change during the biomass growth experiments, C SD was the initial concentration. Figure 2 confirms that, when photolyzed SD was added into the glucose solution, inhibition was relieved, but non-competitive inhibition was still needed to represent the kinetics well: G?PSD gave a 17 % higher l max and 60 % larger K SI than G?SD.
Comparison of the three protocols for SCOD removal Consistent with biomass growth kinetics, G gave the highest COD removal percentage (60 %), the removal percentage for G?SD declined to 23 %, and G?PSD regained most of the removal (to 52 %, or *2.3 times that for G?SD).
Effect of UV photolysis products on biomass growth
The lower SD concentration surely played a role in relieving inhibition for the G?PSD experiments, but photolysis products also may have played a role of enhancing biomass growth. Pointing to the likelihood that photolysis products had a positive effect are the 2.3-fold increase in mineralization and the 60 % larger K SI value (Fig. 2) for G?PSD.
To evaluate the impact of photolysis products, we added the two main organic products from UV photolysis-2-AP and An-as substrates individually or simultaneously to evaluate their impacts on biomass growth. 2-AP and An were the main organic products of SD photolysis according to the detailed studies of Pan et al. [13] and were confirmed by HPLC measurements in this study (not shown). These results were compared with results for 60 mg/L glucose alone (G) and 60 mg/L SD alone. Figure 3 shows biomass growth with the different products of SD photolysis, as well as for G. When SD alone was used as substrate, biomass did not grow, and this result is not presented in Fig. 3 . Biomass growth and growth rate were similar for 60 mg/L glucose and 60 mg/L An, although the biomass entered exponential growth later when An was the substrate. 30 mg/L 2-AP?30 mg/L An gave one-half the growth as 60 mg/L An, and 60 mg/L 2-AP showed no growth. The experimental results are consistent with the findings of Tappe et al. [19] , who found that 2-AP did not mineralize when SD was biodegraded by Microbacterium lacus over 10 days. In addition, Pan et al. [13] verified that An is a biodegradable product that accelerated the biodegradation rate of SD. These results 
Conclusions
Adding SD into a glucose solution severely inhibited biomass growth, but the inhibition could be relieved to a significant degree by prior UV photolysis of SD. The kinetics for biomass growth in the presence of SD could be described well with a hybrid non-competitive form of the Aiba model, and relief of inhibition by UV photolysis was quantified by an increase of the maximum specific growth rate (l max ) by 17 % and an increase of the Aiba inhibition concentration of 60 % after photolysis. Aniline, a major product of UV photolysis, supported the growth of the glucose-biodegrading bacteria. Thus, UV photolysis of SD significantly relieved inhibition by lowering the SD concentration and by generating a biodegradable product. 
